§ 1. Introduction and summary Unified gauge theory of strong, electromagnetic and weak interactions inevitably contains super heavy particles and unphysical fields associated with heavy gauge fields. The mass scale M of the former is as high as 1014~1015 GeV, while that of the latter depends on the gauge chosen. These particles must decouple in the present low-energy region.!) Recently Kazama and Yao (Ky)2) proved the decoupling of heavy particles in spontaneously broken gauge theories to all orders in perturbation calculations. They showed that heavy particle effects are either of 0(1/ M) or, if non-vanishing, can be absorbed into finite renormalization of a low-energy effective light particle theory. However, the way they proved the decoupling crucially depends on the gauge they chose, i.e., the renormalizable Re gauge 3 ) with the parameter ~:'S 0(1) where the Goldstone bosons and the ghosts associated with heavy gauge fields are very massive also. If one chooses other gauge condition, those unphysical particles are not always heavy. When they are light, the KY method which utilizes propagator suppression does not work well. Such unphysical fields naturally remain in the lowenergy effective theory. Hence there are two possible cases: Decoupling of such unphysical fields may not hold in general gauge condition, or otherwise there must be any other decoupling mechanism than usual propagator suppression. To study the decoupling more generally is therefore very interesting.
The aim of this note is to discuss the decoupling in the renormalizable Re gauge with ~':?> 1 in which unphysical particles associated with heavy gauge fields are light enough. We are based on the indefinite-metric covariant formalism of nonabelian gauge theory developed by Kugo and Ojima. 4 ) In the formalism, an auxiliary field B is introduced in addition. Then the ghosts, the Goldstone boson and the B field form a kind of quartet. In the 0(3) gauge model we adopt as a simple example, unphysical particles associated with heavy gauge fields are called charged quartets, while those associated with the light gauge field are called neutral quartet. We find that these charged quartets, even if they are light, completely decouple from other light particles. Namely, the charged-quartet part of the low-energy effective tree action is separated from that of other light particles, and is essentially free. The decoupling of charged quartets is attrib: uted to the BRS invariance 5 ) of the original theory and the decoupling of super heavy gauge fields associated with charged quartets. The decoupling of the latter is due essentially to usual propagator suppression as proved in Ref. 2).
In the next section we review the 0(3) gauge theory. Section 3 deals with the light-heavy mixing problems .. Separation of the 0(1) and 0(1/ M) parts is discussed in § 4. In the last section, by making use of various BRS identities,5) we obtain the low-energy effective tree action which proves our conclusions stated above. § 2. The model 
V(H, h) is chosen in such a way that the minimum of V(H, h) is reproduced at
Ha=Xa+Oal V and ha=T/a+Oa2V satisfying <OlxaIO>=<OIT/aIO>=O and a tree-level gauge hierarchy V2~V2. 6) We choose the gauge-fixing and the ghost Lagrangians as follows:
where we have introduced auxiliary fields B and the hermitian ghost assignment following the covariant and indefinite-metric formalism of nonabelian gauge fields developed by Kugo and Ojima. 4 ) We also choose the gauge parameter
Making use of the dimensional subtraction method, we can perform renor-malization as usual:
(2'3)
With the choice ZB=Z?;\ we may fix OV and ov such that the gauge-fixing
Lagrangian retains its form in terms of renormalized quantities.7) § 3. Separation of the massive Proca fields
Various mixings are contained in our Lagrangian. Light-heavy mixings occurring in the (XI, T/2) and (X2, T/I) systems were already discussed. 2 ) To the order of accuracy we wish to achieve, the mixing is solved at the tree level. Then we denote the diagonalized fields as (XIR, if 2R) There is another type of light-heavy mixing in our scheme, i.e., the mixing contained in the A2!' and A 3 ... gauge fields. To solve the mixing, we first review the BRS identities. (3-4)
If we define
the above equations (3-2)~(3-4) remain form· invariant when expressed in terms of the renormalized quantities. N ow consider the mixing in the A 2P field. The A 3P case can be solved similarly. Taking account of Lorentz covariance, the ghost number conserva· tion and (3-3), we may define the inverse propagators as follows:
we get, from (3-4),
(3-9) Equation (3 -2) with operations (J 2/ JA 2PJC2 )10 and (J 2/ JX3JC2 )10 yields from which
By making use of (3·9) ~ (3·11) and inverting the matrix r(2), we easily obtain the propagators and then the vacuum expectation values of commutators.
)
The discrete spectrum parts of the latter determine the (anti-)commutators of the asymptotic fields (A~~, B~s, x~s, GS). Equations (3·9) and (3·10) indicate that the quartet (B2, X3, C2, (2) has the same mass. Details are written in the Appendix.
One finds from (A·2)~(A·7) that the massive Proca field ut~ can be separated as follows:
with the definition
(3·19) Equation (3 ·16) means that the gauge condition remains unchanged. Rewriting (A ·12) in the renormalized form leads us to
M 2 FR=aRMJR. (3·20)
Since M2 is the mass of the charged quartet
) by assumption. As will be shown in the next section, the maximum power of the M dependence of two-point functions is two. Tree-graph calculations really show that there is a term of
Equation ( Similarly we can define
such that (3·25) N ow that the mixing is solved at the level of the asymptotic fields, it is natural to define the renormalized Heisenberg Up fields with the same parameters 0 1 ~ 04 just as in (3·12) and (3·24), so that they tend to the corresponding diagonalized asymptotic fields: § 4. 0(1) contributions
With the identification of light and heavy particles in the previous section, we are able to discuss light one-particle irreducible (LPn graphs in which heavyparticle tree graphs are considered by definition.2) However, substitution of (3·26) and (3·27) into the original Lagrangian brings about many higher derivative interactions which produce seemingly unrenormalizable divergences in each separate graph. Moreover propagators of the Proca fields are just those of the gauge fields in the unitary gauge. Really such adverse divergences disappear in the corresponding Green's function, since the theory is renormalizable.
Consider, hence, a certain set of LPI light particle graphs (with light external lines only) which are combined into a graph whose internal gauge-field lines in loop (sub)diagrams are composed of original A 2P and A 3P propagators. In other words, write down a graph based on the original Lagrangians (2·1) and (2·2) without the replacement of (3·26) and (3·27). Being interested only in an LPI light particle graph, we omit, by the help of (3·26) and (3·27), heavy external and light internal tree lines if they exist. Then for such a (combined) graph, we obtain the renormalized expression by the use of the usual Zimmermann's forest formula,S)
.
where Rr(Ir) is the renormalized (unrenormalized) expression of an arbitrary LPI light particle graph r defined above. Here Uo, Fo(r) and yare a forest, the collection of all the forests of r and a renormalization part in U, respectively. can be regarded as the sum of the gauge part of the Proca field propagator and the (x, B) propagators connecting derivative vertices. This term is regarded as a light propagator as a whole, since the Proca field part plays only the role of smoothing the high-energy behavior. At low energies, the Proca field contribution is always suppressed by 1/ M2 in comparison with that from the second (x, B) term on the right-hand side (RHS) term of (4·3). A partition element Xi is a nontrivial LPI light (sub )graph of mass dimension ~O. A reduced graph r j / {Xl, ... , Xm} is obtained by first choosing a set of mutually disjoint partition elements {Xl, •.. , Xm} and then by shrinking each Xi to a point. The Taylor operator rr which operates only on a partition element extracts the superficially divergent part of the Taylor series around zero external momenta, where the superficial degree of divergence is determined according to the naive dimension counting 0 = 4 -B. Partition elements whose d are also nonnegative are included twice in a forest U, once as type-t elements (on which t r operates) and once as type-r elements (on which rr operates). Tr is rr if y is a partition element of type-r and t r if y is an LPI renormalization part defined according to d~O. The relation (4·2) can be proved similarly as done by Kazama and Yao, so that we do not repeat it here. Now we are in a position to discuss the separation of 0(1) and O(I/M) parts. Consider an arbitrary LPI light Green's function (not a separate graph) at low energies. Then the 0(1) part of it is given by the fully reduced portions, in the decomposition (4·2), of the relevant graphs contributing to such a Green's func-tion. Here a fully reduced graph is a graph which contains no heavy particle lines.
To prove this statement, we first discuss the M dependence of an arbitrary graph as M becomes large. We can prove that the maximum possible power 7Jrnax of M for an arbitrary LPI light Green's function is zero, that is, the M dependence is at most logarithmic. As proved in Ref.
2), the problem consists in two-and three-point functions. Although the light-particle sector is enlarged in our case, two-point functions of charged quartets are of 0(v 2 ) as discussed in the previous section. Moreover, it is easy to show that charged quartets have no light threepoint couplings. This is proved with the help of the reflection symmetry under Let us show a simple example which illustrates the extended forest formula (4·2) in Fig. 1 . Every term in the RHS terms gives the 0(1) contributions. The 0(1) part of the first graph on RHS, however, comes only from the exchange of the kpk" term (4·3) whose contribution can be resubtracted A2 propagator: £12=[gpv-(1 garded essentially as the exchange of where we have omitted the subscript R and have set all the heavy particle sources to zero. The ghost equations of motion are the same as (3·4) in the full theory. Equations for B are reduced, by the use of (3·26) and (3'27), to
From these equations, we easily fix the structure of the light particle effective Lagrangian .£* (or the tree action) as follows:
where Ll .£ 1 * and Ll .£ 2 * are counter terms defined at zero-momentum . .£ 1 * + Ll.£ 1 * is just the same as given in Ref.
2) except a few notational differences.
It is emphasized that charged quartets and other light particles completely decouple from each other. The charged-quartet part ..f 2* is essentially free. Note that ..f 2 * except the source terms is invariant under the following BRS transformation:
where ;\ is an x-independent parameter anticommuting with Ci and Ci. Since super heavy gauge fields do not appear in ..f*, the form (5·S) expressed among charged quartets alone is the only possible way to represent the original BRS invariance. Hence one can conclude that the decoupling of charged quartets is due to the BRS invariance of the original theory and the decoupling of super heavy gauge fields associated with them. 
M 2 F(M 2 )= agVI(M 2 ).
We have assumed that r~:A"(k) is free from the k 2 =0 singularity, i.e.,
D(O)=I(O).
Various quantities are defined as follows: 
